Abstract-Radio-frequency (RF) wireless communications and sensor networks are currently being deployed in coupled reflective spaces commonly found in aviation, shipping, automotive, and warehousing industries. In this work, a general time-dependent RF energy propagation model is demonstrated and validated from channel measurements conducted in the below-deck spaces of a ship. Measurement results indicate that the model can be applied with very good accuracy to real complex coupled spaces. The derived channel model parameters aid in making electromagnetic compatibility assessments of wireless network emissions in these multipath environments.
I. INTRODUCTION Radio-frequency (RF) wireless communications and sensor networks are currently being deployed in structures that comprise confined, reflective spaces that are electromagnetically coupled together via apertures, seams, and bulkhead cable and pipe penetrations. Such structures are commonly found in aviation, shipping, automotive, and warehousing industries [1] , [2] . It is necessary to understand the propagation of RF energy through these coupled reverberant spaces. The highly multipath electromagnetic environment created from RF emissions into the wireless channel can be identified as a cause of electromagnetic interference to electronic equipment systems installed in these spaces.
In prior work, a time-dependent RF energy propagation model has been developed and tested for coupled reverberant spaces in the laboratory [3] . The wireless channel properties investigated included power delay profile, rms time delay spread, coherence bandwidth, average received channel power, signal-strength fading statistics, and maximum field environment.
In this work, the RF energy propagation model is applied to and tested in actual below-deck spaces aboard a ship, the ex-USCG cutter Monhegan. In order to make measurements in a below-deck environment where the coupled spaces are separated by large distances, a fiber optic time-domain measurement technique and experimental setup is utilized. Measurement results indicate that the model can be applied with very good accuracy to such complex spaces and can be useful in providing important communications channel model parameters in the multipath environment. 
II. RF ENERGY PROPAGATION MODEL

A. Model Equations
The time-dependent model for RF energy propagation between coupled complex cavities is presented in [3] . The spatially-averaged energy densities ( ) in volume = 1, 2, 3 are determined from conservation of energy considerations [3] :
(1) for intercavity coupling are expressed through an averaged transmission cross section 〈 , 〉. Note that reciprocity holds in most cases for the transmission cross sections, so that , = , . V i is the volume of cavity i, ω is radian frequency, and c is the speed of light. The source impulse in (1) can be placed in any of the spaces by moving the term ( ) to the appropriate equation. The system of coupled first-order differential equations is solved efficiently using the MATLAB math software package. The model solutions ( ) are the impulse responses for a δ-function excitation that delivers U 0 = 1 J energy at time t = 0 s. As such, they can be used as Green's function kernels in the solution for any time-dependent driving function of power p(t) injected into a cavity.
(3)
The energy loss rate coefficients are fundamental parameters describing the basic interactions -leakage and ohmic lossthat the reverberant fields undergo. These coefficients are independent of excitation. Two excitations of power p(t) that are common in EMI/EMC testing are the unit step and square pulse functions.
B. Channel Model Parameters
The mean value of multi-path impulse time delay 0, in volume i is given by [4] ,
The standard deviation of multi-path impulse time delay, i.e., rms delay spread , , in volume i is given by [4] ,
In general, the integrations in (4) and (5) are carried out numerically using the model solutions
The average received channel power (RCP) in volume i for a constant transmit power ,1 in volume 1 is given by,
where is wavelength and η Rx is the receive antenna efficiency. The steady-state energy density is derived from (3) for ( ) = ,1 as,
Substituting (7) into (6) yields,
The maximum field environment taken from N samples in volume i has an upper bound given by [5] ,
and x is the one-sided confidence level, e.g., x = 0.95 . The maximum electric field component amplitude ( ) is predominantly composed of diffuse multipath (non line-ofsight) contributions to the total field in the coupled cavities.
III. COUPLED CAVITY MEASUREMENTS
The frequency-domain transfer function for complex signal amplitude of the wireless channel is provided by the scattering parameter 21 ( ) which is commonly measured between two antennas with a vector network analyzer (VNA) [6] . The index n denotes the various stochastic realizations of the channel that occur from mechanical or source stirring in the spaces. Note that the channel here includes the coupled spaces and the transmit/receive antennas. The channel impulse response ℎ ( ) is derived from the frequency-windowed and filtered inverse Fourier transform,
For the 200-MHz bandwidth used in the frequency sweep for 21 ( ) , the equivalent synthesized input impulse at 2.4 GHz has a nominal 9.8-ns pulse width. The channel power delay profile PDP(t) is defined as [7] , (12)
where the ensemble average 〈 〉 is taken over the n-realizations of the channel. The quantity |ℎ ( )| 2 is most efficiently obtained from a VNA that has a built-in timedomain signal processing module. In terms of the model, the spatially-averaged energy density ( ) in an overmoded complex cavity is proportional to average received power [8] .
Since averaging over space is equivalent to averaging over source position (source stirring), the measured power delay profile is related directly to the model through a proportionality constant C as, In the below-deck environment, the receive antenna is often a far distance from the VNA, as depicted in Fig. 1 . To accommodate this remote antenna without sacrificing dynamic range in the measurements, an optical transmit/receive link over a single-mode fiber optic cable is utilized. Since the amplitude and phase of the received signal is important for the inverse Fourier transform in (11), amplitude and phase fidelity in the optical link is critical. The optical link used in this work exhibited excellent fidelity and stability.
IV. APPLICATION OF MODEL TO BELOW-DECK SPACES
The measured ensemble-averaged responses and the model solution responses are shown together in Fig. 4 at 2.4 GHz for the impulse excitation injected into volume 1 (engine room), volume 2 (comm room), and volume 3 (crypto room). The uncertainty in the ensemble-averaged measurement is indicated by the error bars shown at ±1 σ . Overlaying the model response to the measured response involves adjusting the single set of five energy loss rate coefficients Λ 1 , Λ 2 , Λ 3 , Λ 1,2 and Λ 2,3 so that the shapes and relative magnitudes of the energy density curves 1 ( ), 2 ( ), and 3 ( ) in all three plots (6 independent traces in total) most nearly match the received power curves of the experiment. Because this fitting process does not rely on absolute power values, but on slopes, shapes and relative relationships in the timedependent received average power curves, we do not require information about the transmit and receive antenna efficiencies. This is a very attractive advantage of the timedomain measurement approach, since antenna efficiency is generally difficult to know with precision in a reverberant environment [9] . The best-fit energy loss rate coefficients for the three coupled spaces at 2.4 GHz are shown in Table I .
The excellent fit of model solution responses with transient received power measurements is a good validation of the model approach and solution. The model is valid under conditions that (1) each electrically-large reflective cavity in the chain supports a sufficient number of modes to produce the required statistical field uniformity and (2) the wall scattering time is small compared to the characteristic time constants of energy decay. These requirements impose lower bounds on frequency of operation and on quality factor Q for a given cavity size. At 2.4 GHz, the number of modes excited in all spaces is more than sufficient to produce the statistical field uniformity required of this approach. And while the � 21 � 2 losses of real below-deck spaces with complex geometry and loading are large, the model approach remains accurate even in these low-Q spaces, with energy decay times on the order of 10 -7 sec. Average time delay, rms time delay spread, and average received channel power normalized to transmit power at 2.4 GHz are calculated by numerical integrations in (4), (5) , and (8), respectively, and are presented in Table II . The normalized received channel powers calculated from (8) compare very well with the measured 〈� 21 � 2 〉 values (received power averaged from frequency stirring over 200-MHz bandwidth) shown in Fig. 3 . To assess the coverage of a wireless transmitter, e.g., a WLAN access point at 2.4 GHz installed in the engine room (volume 1), the average received power RCP 3 in the crypto closet (volume 3) is calculated as,
3 ( ) ≅ ,1 ( ) − 59.8
For a transmit power P tx,1 = 550 mW (27.4 dBm) , RCP 1 and RCP 3 are 34.7 µW (-14.6 dBm) and 0.58 µW (-32.4 dBm), respectively. Based on these example RCP values, we can estimate maximum field levels using (9) and (10). With a sampling value N = 20 per trial and a receive antenna efficiency η Rx = 0.95, the maximum field environments in volumes 1 and 3 are not expected to exceed 6.6 V/m and 0.9 V/m, respectively, at a confidence level x = 0.95 .
V. CONCLUSION Energy loss rate coefficients are obtained by overlay of model solutions to time-resolved received power measurements taken aboard a ship. These energy loss rate coefficients are fundamental physical parameters describing the basic energy interactions -leakage and dissipative lossthat the reverberant fields undergo in real below-deck spaces. These coefficients are independent of the power waveform used to excite the system.
There are two approaches to applying the model to the assessment of RF energy propagation and shielding effects in below-deck compartments and passageways in ships and submarines, and in aircraft cabins and bays. The first approach utilizes a library of energy loss rate coefficients that have been catalogued from measurements in over 100 belowdeck spaces and from extensive measurements made in a reverberation chamber of many different types of loadingincluding large cabling runs, electronic equipment racks, computing stations, palettes of materiel, and personnel. The aggregate energy loss rate coefficient in a given space can be estimated by summing the energy loss rate coefficient of the bare space (dependent on wall material and surface area) and the energy loss rate coefficients of the various types of loading inside the space (dependent on quantity and/or size). Additionally, energy loss rate coefficients for coupling between spaces have been well characterized for apertures, including open hatches and dielectric windows. The second approach utilizes in-situ VNA measurements of the impulse responses in the actual coupled spaces, with the real operational loading present. Energy loss rate coefficients are then obtained by optimizing the overlay of the model solutions to the actual measurements.
Once the energy loss rate coefficients for the system have been estimated or measured, the full channel model parameters are obtained and are available to aid in making electromagnetic compatibility assessments of the wireless network deployed in the below-deck spaces. The wireless channel properties of interest include power delay profile, rms time delay spread, coherence bandwidth, average received channel power, signal-strength fading statistics, and maximum field environment.
